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Abstract

Flow separation from nozzle surfaces can be a
source of significant noise in addition to the jet
noise. When no tlow separation region exists only
jet noise is observed at every angle, for veloci-
ties down to 120 m/sec, with both low and high
levels of initial turbulence. Intense nearly
periodic turbulence and noise is caused by flow
separation from the thin core nozzle lip of a co-
axial nozzle. This can be described by a combina-
tion of aeolian tone and trailing edge noise
theory. Noise caused by flow separation from the
surfaces of other nozzle geometries has somewhat
different characteristics.

Introduction

There are additional sources of noise, other
than jet noise, that are associated with the flow
through a nozzle. One, herein called classic lip
noise, was reputed tc be caused by turbulent flow
passing over one side of the lip of a single stream
nozzle.l,2 Another source of additional noise is
due to flow separation off the surfaces of various
nozzle geometries. Some examples, which were de-
scribed very briefly in Ref. 3, are flow separation
off the plug of a plug nozzle and flow separation
off the core nczzle lip of a coaxial nozzle. In
the latter case, a thin flow separation zone occurs
downstream of the core nozzle lip which causes in-
tense high frequency noise. Fig. 1 (taken from
Ref. 3) shows an example of flow separation noise
from a mode'-scale coaxial nozzle. The flow sepa-
ration region that occurs downstream of the 0.25 cm
thick blunt core nozzle lip of tais coaxial nozzle
caused the intense narrow band high frequency noise
that is as much as 20 dB above the jet noise. This
type of additional noisé makes the determination of
pure jet noise from a model nozzle more difficult
as shown in Refs., 4 and 5. Since coaxial and other
nozzle shapes are used on aircraft engines, flow
separation is also a potential engine noise source.

The objective of this study is to present the
results of a series of experiments performed at
the NASA Lewis Res~arch Center to investigate flow
separation and classic lip noise in much more de-
tail than presented previously? and thereby aid In
understanding this area of aeroacoustic noise gen-
eration.

Several types of nozzle-lip configurations
were used to study the high frequency noise gener-
ated by small regions of flow separation at the
nozzle lip. These included coaxial nozzles, and
circular and slot nozzles with splitter plates.

The splitter plate geometry was used extensively
in these experiments because geometrical variations
of the lip (e.g., thickness and span) and turbu-
!:nce measurements were more easily accomplished
than with a coaxial nozzle configuration. The jet
flow velocity was varied and far field nolse was
measured for all nozzle-lip geometries (coaxial
and splitter plate)., The effect of a velocity dif-
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ference across the lip of the coaxial nozzle and the
splitter plate on the far field noise was also meas-
ured. Finally, an effort was made to find means to
reduce the high frequency noise caused by flow sep-
aration ac the lip.

There is no specific theory that applies to the
additional noise caused by flow separation from the
thin lip of a coaxial nozzle or splitter plate.
Therefore, available theories for simple geometries
that have somewhat similar acoustic characteristics
are adapted to these geometries and compared to the
data.

Flow separation can occur off the surfaces of
other nozzle shapes and cause additional noise.
The characteristics of this additional noise may be
somewhat different than the noise caused by flow
separation from a thin lip. A few examples are
given of flow separation noise from varied nozzle
shapes (e.g., plug, orifice, mixed flow coaxial
and suppressor nozzles).

Finally, two single stream nozzle geometries
(with no flow separation), which had low and high
initial turbulence levels, respectively, where run
over a range of subsonic velocities from 120 to
300 m/sec. The acoustic spectra for these nozzles
were studied near the upstream axis, where theory
indicates classic lip noise should dominate, in
order to determine if classic lip noise can be ob-
served relative to jet noise.

Apparatus and Procedure

Acoustic Tests

Flow system and valve noise quieting. Two
similar test rigs of different size were used to
obtain the jet noise data in this paper. Each sys-
tem conceptually looked like the small rig shown in
Fig. 2. The small rig consisted of the following
(proceeding downstream): a 10 cm flow control
valve; a valve noise quieting section; a long
straight run of 10 cm pipe; and finally the test
nozzle., The first valve noise quieting element was
a perforated plate. Downstream of that was a large
volume no-line-of-sight muffler. The rig used for
the larger nozzle data (i.e., 10 cm nozzles and
larger) was one line of the coaxial nozzle rig de-
scribed in Ref, 4, which used larger but similar
flow lines and hardware.

None of the nozzle jet noise data reported
terein were affecte! by internal valve noise,
either through the now.»le exit or by direct radia-
tion through the pipe, wnich was wrapped with
fiberglass and lead vinyl insulation.

Acoustic instrumentation and data analysis.
The noise data were measured outdoors with either
of two types of semicircular microphone arrays that
were centered on the nozzle exit., Condenser micro-
phones (1.27 cm) with windscreens were uced with
each, Each array had a microphone radius of about




50 nozzle diameters to assure that they were well
into the far field for jet noise. The data were
taken either with a vertical or horizon:tal semi-
circular microphone array (shown in Fig. 2), with
open cell acoustical foam on the ground. Either
array resulted in free field noise data for fre-
quencies above 200 Hz. Background noise had an
effect upon the data below about 400 Hz only when
the low frequency noise level was very low.

The data were measured by ll microphones on a
semicircle of 3 or 4.6 meter radius. The micro-
phones were more closely spaced (10° to 15° inter-
vals) near the nozzle jet than in the upstream
quadrant (20° to 30° intervals). In all arrays,
the polar angle 8§ = 0° corresponds to the noz-
zle inlet.

Noise data were taken at each microphone lo-
cation for each run condition. The noise data
were tape recorded for subsequent narrowband anal-
ysis, and also analyzed directly by an automated
one-third octave band spectrum analyzer. Both
analysis methods determined sound pressure level
spectra, SPL, referenced to 2x1073 N/m?. The one-
third octave band SPL spectra reported were cor-
rected for the small atmospheric attenuation (less
than 1 dB) and background noise (less than 3 dB);
so that the data are lossless and free of back-
ground noise. The results were integrated to ob-
tain the oversll sound pressure level, OASPL, and
the sound power level spectrum, PWL, as described
in Ref. 4. Data for the additional noise due to
flow separation (SPL. and O0ASPL.) were computed
from the 1/3 octave SPL spectra by removing the
small jet noise contribution. The reported narrow
band spectra were not corrected for the small con-
tributions of atmospheric attenuation, background
noise, and jet noise.

The condenser microphones were calibrated be-
fore and after each day of testing with a standard
piston calibrator (calibration tone of 124 dB at
250 Hz). The third-octave band analyzer was
periodically calibrated and checked with a pink
noise generator, Considering the microphone cali-
brations, periodic checks of the data system, and
the data averaging, it was determined that the 1/3
octave band data are repeatable from day to day to
within a 1% dB band for the broadband type data
and within about a 3 dB band for the narrow band
noise data. Most of the directly compared data
were taken on the same day, so that these data
were repeatable to about half the above dB bands.

The quality of the data can be summarized as
follows. The data are repeatable, and far and
free field above about 200 Hz. The data are unaf=-
fected by background or valve noise down to
60 m/sec for frequencies above 400 Hz as required
for the high frequency lip noise experiments; and
down to 120 m/sec for the broadband experiments.

Test nozzles. Sketches of the nozzles that
were extensively tested herein are shown on Fig. 3.
Other nozzles are sketched on the figures contain-
ing the applicable data. The nozzles shown in
Fig. 3(a) have flow on both sices of a splitter
plate, Circular nozzles (7.6 and 10 cm diam.) and
slot nozzles (1.9 cm height with 13 and 46 cm
widths) enclosed the plates. The splitter width,
w, was varied within the 46 cm wide slot nozzle,
over a range of width of from 2.5 to 41 cm.

Splitter plate thicknesses (t) of 0,16, 0,32, 0.64,
and 1.28 cm were tested. Most tests of the above
tests involved partial span splitter plate configu-
rations. The velocity ratio across the splitter
plate (VR = low velocity/constant high velocity)
was varied by restricting the flow through the low
velocity side of the full span splitter plate con-
figuration with layers of fine screening and felt.
In Fig. 3(a) sketches of the lip end variations
tested are also shown. The splitter plates were
long enough that their leading edge and any sup-
ports vere in the inlet pipe where the velocity is
less than a quarter of the jet velocity, The exit
velocity was uniform across the nozzle. The dis-
placement boundary layer thickness at the nozzle
exit end of the splitter plates was less than

3%'percent of the thickness of the thinnest plate
tested.

Each nozzle of the coaxial nozzle configura-
tion (Fig. 3(b)) was supplied air independently so
that the velocity ratio (VR = outer nozzle
velocity/core nozzle velocity = V,/V) was readily
varied while holding the core velocity, V, con-
stant. In most tests these nozzles were coplanar.
The core nozzle lip was 0.32 cm thick. In one test
the core nozzle lip was lengthened, while in
another the outer nozzle was extended.

The next group of test nozzles generate flow
separation noise from nozzle surfaces other than
thin lips. These nozzles include several plug
nozzles, a thick plate orifice, and a mixed flow
coaxial nozzle. Sketches of these geometries are
shown on the appropriate data figure in the report.

The last group of test nozzles shown in
Fig. 3(c) were used to evaluate whether classic lip
noise exists as a noise source in addition to jet
noise for the practical jet velocities (e.g.,
greater than 120 m/sec). The first nozzle had a
low initial turbulence (measured at the nozzle exit
plane) of less than 1/2 percent and a uniform ve-
locity profile. The second nozzle had a long lip
pipe that causes a highly turbulent (about 10 pe=-
cent near the pipe wall) parabolic velocity profile
at the exit plane of the nozzle.

Test procedure. The far field noise data
taken for the nozzles described in Fig. 3 consisted
of 1/3 octave band SPL spectra for all cases and
narrow band spectra for most cases. The acoustic
data were taken over a maximum velocity range of
60 to 300 m/sec and at ambient temperature, The
velocity was varied over nearly the maximum range
for most of the configurations shown on Fig. 3.
Span and plate thickness were primarily varied with
the partial span splitter nozzle, while velocity
ratio was varied with the coaxial nozzle and full
span plate in a circular nozzle.

Turbulence Tests

Flow system. The flow system used for the
turbulence measurements (proceeding downstream)
consisted of: a flow control valve, a 7.6 cm diam-
eter plenum tank (with screens and felt filters to
reduce any large scale turbulence and remove par-
ticulate matter), and finally the test nozzle.

The total pressure and temperature in the plenum
were monitored with manometers and a thermocouple.
The data was taken with the 7.6 cm convergent noz-
zle and splitter plates that were used in the



acoustic tests previously described.

Instrumentation and procedure. The turbu-
lence data were taken with a hot wire probe, The
wire was 0.00038 cm diameter tungsten with an
active sensor length of 0.127 cm, The hot wire
signal was fed to a TSI model 1050 anemometer and
the a.c. portion of the anemometer output recorded
on an FM tape recorder. The time response of the
hot wire system was flat to 20 kHz. Linearization
was not deemed necessary. The tape recorded a.c.
signal was then processed through a constant band
width spectrum analyzer to obtain the turbulence
spectral density plots.,

The hot wire probe was mounted on a 3 axis
positioner with positioning accuracy to 0,0025 cm.
The wire position was referenced from the center
of the upper edge of the plate. The turbulence
spectra and intensity of the axial velocity compo-
nent, u, were measured. Measu.ements were made up
to mean velocities of 182 m/sec, without damaging
the wire.

The hot wire system was calibrated using the
core of the jet prior to cach day's running, with
the velocity computed directly from the nozzle
total temperature and pressure, ambient pressure,
and assuming isentropic expansion.

Results and Discussion

This study is concerned with sources of non-
internal noise other than jet noise, that can be
associated with flow through a nozzle. The pri=-
mary emphasis of this paper is devoted to the
noise generated by flow stparation caused by flow
on both sides of thin nozzle lip surfaces. In the
first part of the first section the noise and tur-
bulence measured for nozzles with thin splitter
plates will be discussed. Following that, the
noise caused by flow separation off the thin core
nozzle lip of the important coaxial nozzle will be
described. These data will be explained in terms
of an analytical model. A few examples of flow
separation noise from other nozzle surfaces are
then reported in the second section. The paper
ends with a discussion of classic lip noise, where
noise has been reputed to be generated by turbu-
lent flow passing over one side of the nozzle lip
in the absence of flow separation.

Noise from Flow Separation Off Thin Nozzle Lips

Nozzles with Splitter Plates

The nozzles with a splitter plate (Fig. 3(a))
are considered before the coaxial nozzle because
more extensive noise measurements and all the tur-
bulence measurements were taken for that geometry.
In any event, it will be shown that the results
for these geometries are essentially similar.

Full compared to partial span plates. Both
partial and full span splitter plates geometries
were tested, The full span plate edge touches the
nozzle, while flow passes all around the partial
span plate. The noise produced by a partial span
splitter plate that does not touch the nozzle
(0.32 cm gap) 1is compared in Fig., 4 to one of
slightly wider span that does touch. ’'Two splitter
plate thicknesses are used in this comparison, It
is apparent that the results are the same for the
0,32 cm thick plate. With the 0,64 cm thick

2IGINAL PAGE I8
POOR QUALITY

plate, however, the full span plate does not gener-
ate significant flow separation lip noise compared
to the partial-span plate. The same result oc-
curred at a velocity of 152 m/sec. The lower level
of noise with the thick (0,64 cm) full-span plate
may be due to the fact that air can more readily
flow into the thicker low pressure flow stagnacion
region from the outside at the edge, which would
affect the noise producing eddy structure. To
avoid this difficulty, the data that follows will
be taken with partial-span splitter plates, where-
ever a full-span splitter plate is used the plate
will be thin (0.32 cm).

Effect of velocity. - Narrowband spectra of
flow separation lip noise at 6§ = 100° from the
inlet are shown in Fig. 5 for a range of jet ve-
locities, at a velocity ratio across the plate (VR)
of 1,0, The flow separation zone occurs in the
wake of a 0,32 em inch thick, blunt ended, partial
span, splitter plate. The data in Fig. 5 indicate
that the thin flow separation zone generates a
relatively high frequency narrowband noise that is
about 20 dB above the broadband jet noise. Exper-
ience gained in previous jet and surface noise ex-
periments has shown that feedback tones generally
can be eliminated by probing around and in the
flow. The tonelike noise shown in Fig. 5 was not
affected by this approach, therefore this noise is
probably not due to feedback.

One third octave band lossless data were also
taken and the generally negligible contribution of
the broadband jet noise was removed, which resulted
in the noise due only to flow separation at the lip
(SPL, and OASPL.). These quantities will be used
in several figures to follow. The variation of the
OASPL, with velocity for the plate thickness
(0.32 cm) used in Fig. 5 is plotted on Fig. 6 as
open circles. The data follows the V® power law
of a dipole noise source, The data for other plate
thicknesses will be discussed in the next section.

Effect of plate thickness. Narrowband spectra
at 91 and 244 m/sec and VR = 1 for several par-
tial splitter plate thicknesses are shown on
Fig. 7. As the plate gets thicker the width of the
spectrum for the lip noise gets narrower and the
level drops. The 1.28 cm thick plate generates
almost periodic (i.e., very narrow width) noise of
low level. The 0.16 cm thick plate has a broader
spectrum and the level is somewhat lower than that
of the 0.32 cm plate. The level of the noise, in
terms of the OASPL., is also shown in Fig. 6; the
maximum level occurred for the 0.32 cm thick plate.
The thin plate (0,16 c¢m) has slightly lower levels
while thicker plates have much lower levels, The
OASPL. for the 1.28 cm plate is not shown on
Fig. 6 because the level is too low, comparable to
the level of the jet noise., The spectra on Fig. 7
are for 6y = 100 but the same spectra occurred
at other angles.

Radiation pattern. The flow separation noise
polar radiation patterns, or variation of OASPL.
with 64, are plotted on Fig. 8 for the same veloc-
ities and nozzle-1lip configuration of Fig. 5. Ex-
amination of the narrow Land spectra at various 84
showed that the frequency and spectral shape of the
flow separation noise was the same for all 8y.
Fig. 8 indicates that the peak OASPL. occurred
between 100° and 120° from the inlet. Refraction
of this high frequency noise causes much of the
rapid fall off for 6§ > 120°, especially at high
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velocity. The shape of the radiation pattern was
unaffected by changes in plate thickness.

The splitter plate geometry cannot result in
axisymmetric noise. Fig. 9 contains a plot of the
azimuthal variation of the OASPL. at a polar angle
of 64 = 90° for a 0.32 cm thick splitter plate
(plate width/thickness, 23) and a velocity of 152
m/sec. It is apparent that the level decreases
from the maximum level at ¢ = 0° (plane through
nozzle centerline axis and perpendicular to the
plate) approximately according to cos?¢. The shape
of the polar radiation pattern (OASPL. <64> is in-
dependent of ¢.

Frequency of the noise. In this section the

dependence of frequency on plate thickness and ve-
locity will be examined. The narrow band spectra
(Figs. 5 and 7) usually have a single dominant peak;
but sometimes there are two dominant peaks or a
fairly flat peak. The peak frequency, fE. will be
taken as the frequency of the single peak if one
exists, or the frequency in the center of two equal
peaks or a flat peak. In Fig. 10, data for fp is
plotted as a function of V/t. These data were
taken over a range of velocities, V, for several
plate thicknesses, t, of the partial span splitter
plate configuration. The data approximately col-
lapse about a line defined by the following Strouh-
al relation.

£, = S (V/t) (1)

Examination of the data for each thickness has
shown that f_ 1is very nearly proportional to V.
The inverse proportionality of fp with thickness
is less exact as evidenced by the width of the band
of data that is #10 percent of f, wide for the
same geometry data (open symbols). A Strouhal num-
ber of S; = 0.22 fits the partial-span splitter
plate data adequately. The data were taken at
84 = 100° and ¢ = 09, but as shown previously
these results apply at all angles €4. There was
no Doppler shift in frequency of the peak noise
with angle, as was expected with this noise source
that is stationary with respect to the microphone.

Effect of splitter span width and scale.
Slot nozzles with 0,32 cm thick partial-span
splitter plates were employed to determine the
effect of splitter plate width., Fig. 11(a) shows
narrowband spectra at 84 = 100° and V = 91 m/sec
for a range of partial-span splitter plate widths.
As the width, w, increased from 2.5 to 40 cm, the
peak frequency of the noise decreased slightly
from about 9.5 kHz to about 8.5 kHz. + level of
the peak noise increased significantly (about
20 dB). The Strouhal number for the 40 cm plate,
over a large range of velocity, was 0.28. The
same spectral trends occurred at all ;. A weak
harmonic is evident at 10 kHz in the data for
large spans. Previously discussed data rarely ex-
hibited a harmonic, possibly because the span was
not large.

The shape of the radiation pattern is also
independent of w. The variation of the level
(OASPL, at 8 = 100°) with width, w, is plotted
on Fig. 11(b) for the preceding dara on Figs. ©
and 11(a); and also data taken with another slot
nozzle. The same curve shape has been put through
the data taken at both velocities (91 and
152 m/sec). At large plate widths (w > 10 cm) the
level of the noise is proportional to w, but for
small widths (w < 5 cm) the level changes much

more rapidly. This suggests that the level of the
lip noise for a coaxial nozzle would be propor-
tional to the diameter of the core nozzle, for core
nozzles having a circumference larger than about
10 em (i.e., 3 cm diam.). Jet nolse is propor-
tional to the square of the diameter. Therefore,
it can be expected that flow separation lip noise
(proportional to the diameter) would be less sig-
nificant (relative to the jet noise) for the large
coaxial nozzle of an engine than for a small scale
model of that nozzle.

Effect of velocity ratio. 1In Fig. 1, taken
from Ref. 3, it is clearly shown that for coaxial
nozzles the velocity ratio, VR, across the core
nozzle lip has a strong effect on flow separation
lip noise. When the velocity ratio was below 0.5
the lip noise was less than the broadband jet noise.
The effect of velocity ratio on the flow separation
lip noise from a splitter plate nozzle is now dis-
cussed. Because a single air line was used in the
splitter experiments, the velocity ratio across the
splitter plate was changed by using appropriate
layers of screens and felt to restrict the flow on
one side of the plate. The data for splitter
plates with varying velocity ratio, VR = low
velocity/fixed high velocity, are shown in Fig. 12
in terms of the SPL as a function of frequency.
The splitter plate results (Fig. 12) are qualita-
tively the same as the coaxial nozzle results of
Fig. 1 in the sense that the lip noise decreases
rapidly as the VR decreases.

Methods to reduce lip noise. The previous re-
sults suggest that flow separation lip noise could
be eliminated as a significant additional noise
source by two methods. In one method, a thick
blunt lip (e.g., t 2 1.28 cm) can be uvsed, as shown
by Fig. 7, to reduce the lip noise to a manageable
leve'. 1In the second method, the blunt 1lip would
be made thin enough so that the resulting flow sep-
aration noise is of such a high frequency that it
is beyond the range of interest.

Additional means were also tested, which may
reduce the lip noise. These configurations, which
are shown on Fig. 3(a), involved changes to the
downstream end of a 0.64 cm thick partial-span
splitter plate. In one case, the end was tapered
gradually to a sharp edge. In another case air
flowed (i.e., vented) through the blunt end at
85 percent of the jet velocity. Both of these
methods effectively eliminated the flow separation
lip noise (or moved it to very high frequency) so
that only the nozzle alone jet ioise spectra was
measured. The wedge of fine screening was not ef-
fective in reducing the lip noise.

Turbulence data. A number of turbulence meas-
urements were taken to determins the characteris-
tics of the flow downstream of the splitter plate.
The axial velocity perturbation was measured down-
stream of the same 7.1 cm wide partial-span
splitter plate nozzle configurations used for the
previous acoustic tests (Figs. 5 to 8, 10)., Many
traverses were made across and axially along the
flow separation region of the plates., It was found
that the maximum turbulence occurred for all plates
(0.16 through 1,28 cm thick) at approximately two
thicknesses (x = 2t) downstream of the edge of the
plate (y = 0 and y = -t).

In Fig. 13 a plot is shown of axial turbulent
velocity perturbation spectra measured for several



traverse (y) locations at x = 2t, for a

t =0,32 em thick plate. The axial velocity per-
turbation, u', is plotted as 10 logjp(u')Z. No-
tice that the spectra at the edge of the plate

(y = 0) has a strong primary peak. The primary
peak weakens and a secondary peak of twice the pri-
mary frequency gets stronger at the center of the
plate (y = -t/2). 1t is likely that this is caused
by the eddies being released alternately at the top
and bottom edges of the plate. With the wire at
the edge of the plate (y = 0) only the eddies re-
leased at that edge are picked up at the primary
frequency. But the wire, when at the center of the
plate (y = =t/2), is also affected by the eddies
alternately released on both sides of the plate.
Therefore, the primary frequency and also double
the primary frequency are observed. Movies and an
analysis that describe the periodic eddy flow from
a splitter plate were discussed in Ref. 5. The
description of the flow is essentially the same as
described above. The above flow description is
also the same as would be measured downstream of a
stationary small diameter cylinder,” where the al-
ternate periodic shedding of vortices into the wake
produces an oscillating force at the primary fre-
quency. The oscillating lift force acting on the
cylinder is responsible for the aeolian tone noise
that is observed. The frequency of the noise tone
is the same as the primary vortex shedding fre-
quency.

The effect of velocity is shown on Fig., 14
where the velocity was varied from 24 to 186 m/sec.
A 0.32 cm thick partial span splitter plate was
used here with the wire located two thicknesses
downstream of the plate edge (x = 2t, y = 0)., No-
tice that the turbulence spectra becomes only
slightly broader at thz higher velocities. The
level of the peak of the u' spectra remained
nearly constant as the velocity was increased. The
turbulence intensity, noted in the table on
Fig. 14, increased only slightly with velocity,

The increase would even be smaller if the small
contribution of the broadband signal had been fil-
tered out, The Strouhal number for the turbulence
peaks is S; = 0,22, which is the same value found
for the acoustic data for this nozzle-lip config-
uration (Fig, 10). These results are consistent
with the description of the aeolian tone theory
found in Ref. 6.

In Fig. 15 the turbulence spectra measured at
x=2t and y =0 is plotted for t = 0.1v, 0,32,
and 0,64 cm thick partial-span splitter plates at
V = 87 m/sec. The turbulence spectra becomes more
narrowband as the plate gets thicker. This turbu-
lence essentially disappeared with the 1.28 cm
plate (i.e.,, turbulence level at least 20 dB down)
so that it {s not shown in Fig. 15. The shape of
the turbulence spectra (Fig. 15) are about the same
as for the acoustic results (Fig. 7(a)). The
Strouhal number for the turbulence data (0.22)
agrees with the Strouhal number for the acoustic
data (0.22, Fig. 10).

The effect on the turbulence of the velocity
ratio, VR, across the plate is discussed below.
The turbulence spectra were measured on both sides
of the plate (y =0 and y = -t) at x = 2t for
a 0.32 cm thick full span splitter plate (Fig., 16).
The velocity on one side of the plate was held at
97 m/sec, while the other side was restricted by
layers of felt to achieve a range of velocity
ratios, VR. The turbulence spectra on each side
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of the plate changed together as the velocity ratio
decreased (Fig, 16). The turbulence level decreased
and the spectra becomes more broadband when the VR
was less than 0,5. The flow visualization movies
and analysis reported in Ref. 5 also indicated that
the eddies leaving the lip become much less periodic
(i.e., spectra more broadband) as the velocity ratio
falls below 0.5. This reduction in periodicity and
turbulence level would certainly reduce the level

of the lip noise. The change in level and the fre-
quency shift is similar to the results seen in the
acoustic data (Fig. 12).

Coaxial Nozzle

This section discussed flow separation noise
from a blunt, thin core nozzle lip of a coaxial
nozzle. The data for the coaxial nozzle lip are
essentially similar to the splitter plate lip ex-
cept that coaxial nozzle flow separation noise is
axisymmetric; and the turbulent eddy structure is
somewhat different for a circular lip.

Effect of velocity. The narrowband spectra
for flow separation noise from a 0.32 cm thick core
nozzle lip is shown on Fig. 17 for several core ve-
locities, V. Comparison of these spectra with those
obtained for an 0,32 cm thick partial splitter
plate (Fig. 5) indicate very similar results. The
Strouhal number for these data is 0.20 (Fig. 10)
which is close to the 0,22 value for the splitter
plate data in Fig, 10, The spectral data apply to
all angles, 64, The OASPL, for these data are
plotted on Fig. 18 together with the data for
splitter plate from Fig. 6. The data have been
scaled to the same microphone distance and environ-
sgntnl temperature. It is apparent that the same

trend occurs with the coaxial nozzle as it did
with the partial-span splitter plate, but the level
is higher. According to Fig. 11(b) all of the con-
figurations used in Fig. 18 have a large enough
width (or circumference) for the noise level to be
nearly proportional to the width, From Ref. 7 it
is expected that the level of the noise from a 1 cm
wide plate lip (at ¢ = 0) would be the same as a
circular lip whose circumference is 2 cm, All
cases on Fig, 18 turn out to be with 1/2 dB of be-
ing the same equivalent width., The coaxial nozzle
flow separation noise is about 9 dB higher than the
splitter data on Fig. 6, This implies that the
turbulence eddy structure is somehow different than
it is for the splitter plate geometry, in so far as
it affects the level of the noise.

The noise radiation patterns, or the variation
of OASPL. with 84, is plotted on Fig. 19 for
several velocities. The radiation pattern curves
that were drawn through the splitter data on Fig. 8,
have also been put through the data at 90° angle in
Fig. 19. This permits a comparison of the shape of
the radiation patterns for the coaxial and splitter
lip geometries. The shape of the patterns are al-
most the ~ame.

Effect of velocity ratio., In Fig. 20, narrow-
band spectra are shown that were obtained for sev-
eral outer nozzle/core velocity ratios (VR = V,/V,
between 1 and 0), with a constant core velocity, V,
of 152 m/sec, The level drops rapidly as the outer
nozzle velocity is lowered from a velocity ratio of
one, Below a velocity ratio of about 0.5 the flow
separation lip noise cannot be discerned from the
broadband jet noise of this case. The peak fre-
quen.y shifts slightly between VR = 1, and 0.8;
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below VR = 0.8 it stays constant. The same re-
sults occurred at all angles.

Noise contours near the nozzle. An array of
five 0.64 cm microphones were placed at several
locations in the vicinity of the nozzle, but out-
side of the flow. Constant noise level contours of
the flow separation lip noise near the nozzle were
located with this arrangement. The contours shown
on Fig. 21 were obtained with an 0.32 cm thick lip
at a core velocity of 152 m/sec and VR = 1, The
lip noise for this case (from Fig. 17) peaks be-
tween 9 and 10 kHz, Since the flow separation
region (i.e., source of the lip noise) is very
compact and the noise is of very high frequency,
it should be possible to use the noise contours to
locate the noise source. The contours do seem to
indicate that the lip noise is radiating from the
core nozzle lip. The previous acoustic and turbu-
lence data contaianed in this report, where changes
were made in the flow and geometry at the lip,
also strongly indicate that flow separation from
the core nozzle lip is the source of the noise.

Effect of outer nozzle extension. In Fig. 22
the acoustic characteristics of an extended outer
nozzle are compared to a coaxial nozzle with co-
planar nozzles. The outer nozzle is extended four
outer nozzle diameters downstream (L,/d, = 4) from
the core nozzle. The core nozzle has a 0.32 cm
thick 1lip. This case is compared to the coplanar
coaxial nozzle (Ly/d, = 0) at the same core exit
plane velocities. Flow separation from the core
nozzle lip again causes a nearly narrowband spec-
trum. The frequency of the tone was independent of
Lo/dg and 6. The radiation pattern changed
slightly because the noise is generated in a duct.
The lip noise level at 64 = 105° is somewhat
lower for the extended outer nozzle geometry com-
pared to the coplanar result primarily because the
OASPL. for the Lgy/d, = 4 case reached its peak
further downstream (at &; = 120°) than for the
coplanar case (at 6y = 105°). It can be assumed
that, except for the duct acoustics, this noise
source is unaffected by the outer nozzle duct.

Correlation of the Data

There is no specific theory that applies the
lip noise caused by flow separation from a thin
lip. However, equations that describe the data for
this geometry might be generated from the basic
theories for simple geometries described in Ref. 8.
The turbulent flow characteristics, geometry and
previous acoustic results suggest that two noise
sources are involved. One source has characteris-
tics that are similar to the noise produced by air
flowing over a small cylinder. The coherent peri-
odic shedding of eddies in the wake of the cylinder
results in a fluctuating lift force (drag neglected)
that produces a discrete aeolian tone vith a lift-
dipole radiation pattern ("dipole noise"). The
other source has the radiation pattern that results
for a semi-infinte platel when there is high fre-
quency turbulence (nearly periodic in this case)
very near the edge of the surface ("trailing edge
noise").

These two acoustically indeperdent, nearly
periodic noise sources are combined according to
the following relationship for the level of the
1lip noise caused by flow separation from blunt
thin nozzle lips.
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"dipole noise" "trailing edge
noise"

The velocity, V, is the larger velocity at the lip
when VR # 1. The lip width, w, is the width of
the splitter plate, or the core nozzle circumfer-
ence for the coaxial nozzle. According to the
aeolian tone theory the term £ could be consid-
ered to be a correlation length. In the absence of
direct measurements, £ must be evaluated from the
previous data, These data show that { is a func-
tion of the lip geometry (thickness (¢ , width (w),
and shape (circular or splitter)). L. i3 also a
function of the local flow at the lip (velocity
ratio across the lip (VR), initial turbulence, and
a weak function of velocity). The term ¢ is
equal to 1/2 for the axisymmetric lip noise o:
coaxial nozzle, while ¢ = cos?¢ for a splitrer
plate. The term C is a constant.

The frequency of the peak of the tonelike
(nearly periodic) spectra for flow separation lip
noise is given by Eq., (3) for all angles.

fp =S5 V/t 3)

The Strouhal number, Sy, is 0.22 for the partial-
span splitter plate lip geometries shown on Fig. 10
at all angles, The coaxial nozzle had a Strouhal
number of 0.2, The Strouhal number is a weak func-
tion of the plate width (or circumference) and the
velocity ratio as shown by the previous data., For
example, the Strouhal number is 0.28 for the 40 cm
wide plate shown on Fig. l1.

The agreement between the previous splitter
plate and coplanar coaxial nozzle lip data with
values predicted by Eq. (2) is discussed next, Ac~-
cording to Eq. (2) the aeolian tone dipole noise
term will dominate near 64 = 90°, so that the
OASPL. at that angle will be proportional to
The data for the coaxial nozzle and splitter plate
plotted on Figs. 6 and 18 agree with this result.
Eq. (2) also indicates that the OASPL. will be
proportional to V3 near the inlet (84 = 20°),
where the trailing edge noise term dominates, Al-
though not shown directly herein, the data do fol-
low the V3 law at 6y = 20°,

The shape of the radiation pattern was not
affected by the lip thickness, lip width, or veloc-
ity ratio; but the level was affected (through the
term ¢) as described by Eq. (2).

As shown before (Fig., 19), the shape of the
radiation patterns for the splitter plate (at ¢
= 0°) and co-axial nozzle are the same, which is
also indicated by Eq. (2). The data from Figs. 8
and 19 for these velocities are overlayed on
Fig. 23 with one data point (at V = 152 m/sec,
and @y = 90°) from each figure coinciding, A con-
stant value of the parameter K (0.5 sec/m) was



used in Eq. (2) to calculate the radiation pattern
shapes for the splitter plate and coplanar coaxial
nozzle geometries. These analytical patterns are
plotted on Figs. 7 and 18, The patterns were cal-
culated relative to the common data point at

V = 152 m/sec and 6y = 90°. Eq. (2) describes
the shape of the patterns very well for 6 < 110°,
Refraction causes the discrepancy for o; > 110°.
Refraction which redirects the sound waves away
from the jet axis, increases with frequency and
velocity. Since the frequency of the lip noise is
proportional to the velocity the discrepancy oe~
tween the theory and the data will increase sharply
with increases in velocity.

Data for the azimuthal variation of the noise
for the splitter plate geometry fits the theoreti-
cal pattern, ¢ = cosl¢, at 6y = 90° (fig. 9).

And the shape of the polar radiation pattern,
OASPL.<¢4>, is independent of ¢, which verifies
neglecting a drag-dipole term in equation (2).

Additional understanding can be obtained by
comparing results from Eqs. (2) and (3) to the
data for the coaxial nozzle, where the core nozzle
lip was extended to various lengths, Lo
(Fig. 3(b)). Data for the effect of L. on the
flow separation lip noise is showr on Fig, 24 for
a velocity ratio of one (V,/V = 1). The core noz-
zle ext2nsion lengths were L./d, =0, 5, and 11.
The turbulence is low and the velocity profiles
were uniform for the coplanar nozzles case
(L/dg = 0). A significant turbulent boundary
layer builds up along and in the extension pipe
(Lg/de = 5, 11) and the outer and core nozzle ve-
locity profiles at the extended core nozzle exit
plane are nonuniform. However, the peak velocity
of the outer nozzle velocity profile at the core
nozzle exit plane, Vg decayed only slightly
(VE/Vy, = 1, see the table on Fig. 23) even for the
longest extension. Therefore, Fig. 24 contains a
qualitative comparison that shows the effect of a
nonuniform velocity profile on lip noise.

The lip noise spectra (frequency and shape)
were about the same as for the coplanar nozzle
(Lg/de = 0) at all angles, 8i. In other words the
spectral shape and frequency of this tone-like
noise was essentially independent of L, and &y
as indicated by Eq. (3). The shape of the radia-
tion pattern for the coplanar coaxial nozzle
(Le/de = 0) is the same as for the coaxial data in
Fig. 19, There was, however, a significant change
in the shape of the radiation pattern with an in-
crease in L., as shown by the data points in
Fig. 24.

Eq. (2) is now used to explain the difference
in the shape of the radiation pattern caused by
increasing L.. One of the two noise sources i
Eq. (2) is the trailing edge noise source. The
radiation pattern for this source is given by
Vs conz(61/2), which is the dominant term in
Eq. (2) when 6; dis small, The data in Fig. 24
shows that the OASPL. at small 6; did not
change with L.. Therefore, a single curve for
the radiation pattern of the trailing edge noise
source would apply for all L.. A dashed curve
for V3 COIZ(OiIZ) has been drawn on Fig. 24, The
level of the data near 90° changes when L./d.
changes from 0 to 5. The dipole term is dominant
near 90°, therefore, the level of the dipole term
should vary with changes in L.. The level of the
dipole term is varied by using different values of
K for each L./d. as noted on Fig. 24 by the
dash-dot curves (K = 0,05 for L./d, =0 and

K= 0,002 for Lg/de =5 and1ll). The log sum

of the trailing edge noise term and the dipole term
appropriate for each L, is the total noise pre-
dicted by Eq. (2) (solid curves on Fig. 24), The
agreement between the theoretical curves and the
data is good for 8y < 100°. The dllcrcglncy be~-
tween the data and Eq. (2) for 6y > 100 is due
to refraction of this high frequency noise.

The reduction in the level of the dipole
source in going from L./d. = 0 to 5 may be caused
by the difference between the velocity gradient at
the nozzle surfaces just upstream of the lip for
these two lengths. The velocity profile was uni-
form for L./d. = 0, which would result in a large
gradient, There is a thick boundary layer for
Le/de = 5, which would result in a much smaller
gradient.

Data on Fig. 24 were for a velocity ratio
across the lip of unity, The high frequency tone-
like lip noise disappeared for the extended core
cases when the velocity ratio was below 0,5, just
as it does for the coplanar coaxial nozzle.

Noise from Flow Separation Off
Other Nozzle Surfaces

A flow separation region is a volume of fluid
attached to the surface where the flow direction
becomes reversed, forming vortices and wakes. Such
regions can occur at any blunt or poorly designed
nozzle surface such as a plug centerbody, the outer
surface of an extended core nozzle of a coaxial
nozzle, or a thick plate orifice nozzle, A flow
separation region can also occur at some flow con-
ditions at the outer wall of the mixing chamber
formed by extending the outer nozzle of a coaxial
nozzle. Pcor ventilation of multitube nozzles has
the same effect, Any degree of flow separation
will cause some thrust loss and can also generate
significant additional noise, beyond the basic jet
noise of the nozzle. The noise from the nozzles
listed above, all of which have regions of flow
separation, will be discussed herein in order to
tie in the Ref. 3 results with the new data con-
tained. It is hoped that these few examples will
impress upon the reader the importance of using
nozzle designs that have no flow separation in jet
noise experiments. No correlation will be made of
these limited data, but it will be clear that the
character of the noise (due to flow separation) for
these nozzles will be somewhat different from the
noise associated with the thin blunt 1lip discussed
previously.

Plug nozzles. This section considers the
noise generated by flow separation off the surface
of the plug centerbody of a nozzle, Two plug
centerbodies, each with 1 different degree of flow
separation, are compared at the same velocity to
plugs that exhibit little or no flow separation,
The first comparison involves a sharply tapered
plug with mild flow separation, The next compari-
son involves a blunt ended plug that exhibits
strong flow separation, This plug is then in-
stalled in a coaxial nozzle to show that the sup-
pression capability of this type of suppressor
(i,e., the coaxial nozzle) can be seriously limited
by flow separation noise,

Consider the plug nozzle geometries sketched
on Fig, 25. The plug with the sharp taper is some-
what typical of an engine plug. If the plug is
poorly designed there would be some flow separation




at the surface of the plug. In Fig. 25, the sound
power level spectr: for this plug nozzle (dashed
line) is compared to the spectral data for the
gradually tapered plug nozzle which has no flow
separation (solid line). The data curves for these
plug nozzles, which are the same size, are compared
at two velocities. This comparison shows that even
a fairly small degree of flow separation can pro=-
duce significant noise that adds to the basic jet
noise with substantially no flow separation. This
result differs from the previous results where
there was a narrow region of flow separation down-
«tream of a relatively thin lip, in two important
ways. The noise spectra caused by flow separation
fron the plug is as broadband as the jet noise.
Furthermore, this additional noise follows the V8
law and has about the same radiation pattern shape
as jet noise, contrary to the results for the thin
lips previously discussed.

Now consider the blunt and streamlined plug
centerbodies sketched on Fig. 26, that are in-
stalled in a coaxial nozzle. These two plugs are
compared on Fig. 26 at the same velocity ratios,
velocity and plug and nozzle size., The sound pres-
sure level spectra at 90° that was obtained with a
conical plug, having no flow separation (solid
curves) is compared to that obtained from a blunt
end plug with considerable flow separation (dashed
curves). At a velocity ratio of 0 (VR = 0) there
is no flow through the outer nozzle so that the
comparison is essentially the same as the one just
completed in Fig. 25. However, the flow separa-
tion with the blunt ended plug is strenger, which
results in relatively more additional noise. The
spectra of the flow separation noise is again as
broadband as tlge jet noise; and again the noise
follows the V® law and the radiation pattern is
the same as jet noise. A similar comparison with
a blunt plug was made in Ref. 3; the results were
equivalent.

The effect of the outer nozzle flow is also
snown on Fig, 26. As stated above the flow sepa-
ration noise is broadband and significant for this
case at all frequencies. At VR = 1 the jet
noise from the outer nozzle stream dominates the
flow separation noise, except at high frequencies.
The high frequercy part of this spectra is the
most important when these results are scaled up to
a full sized nozzle.

At the maximum jet noise suppression condi-
tion (VR = 0.5) the additional high frequency flow
separation noise dominates the jet noise. The flow
separation noise was unchanged at high frequency
in going from VR = 0 to 0.5. Therefore, the
noise suppression expected, based on pure coaxial
jet noise, at VR = 0.5 was not observed because
of flow separation noiee, If the plug with mild
separation (Fig. 25) had been used the suppression
would still have been limited, but not so severely.

Convergent nozzles. The noise generated by
circular nozzles with different inlet and lip
shapes is shown on Fig, 27. The sound power level
spectra for these nozzles is compared at the same
jet velocity and nozzle diameter. These data
have been combined from data reported in Ref. 3 in
order to illustrate two points about flow separa-
tion noise. The data for all the nozzles with no
flow separation are within $:1/2 dB of the single
curve shown (solid line) that was drawn through
the data, All these nozzles follewed the pure jet

noise laws for a large range of subsonic jet veloc-
ities, Thus, pure jet noise results, which is in-
dependent of the nozzle inlet aad lip shape ror
ti.2se nozzles that have no flow separation.

The thick plate orifice nozzle has a small
region of flow separation which generates some ad-
ditional noise at high frequency, as shown by the
dashed curve on Fig., 27. The resulting shape of
the noise radiation pattern for this orifice is the
same as for the nozzles without flow separation;
and the orifice also follows the VB 1law. The re-
duction in the low frequency noise may be due to
the more rapid velocity decay of the jet issuing
from this type of nozzle.

Mixed flow coaxial nozzle. Another example of
flow separation caused noise (based on data taken
in Ref. 4) is shown on Fig. 28. 4 coarial nozzle
with a mixing chamber formed by a vrraight outer
nozzle extension pipe of length I 1, = 2 and 6
is sketched on Fig. 28. As the weloclty ratio,
Vo/V, is decreased from 1.0, the nois. caused by
flow separation from the thin core n)zzle lip de-
creases and finally disappears belov about
VR = 0.5 (e.g., Fig. 22). Then, when the velocity
ratio falls below 0.3, a large flo. separation re-
glon develops at the surface of the  uter nozzle
extension pipe (see sketch on Fig. ?%). According
to Fig. 28 considerable low frequer :y additional
noise was generated by the region of flow separa-
tien that exists at VR = 0.2 for Ly/d, = 2 and 6.
The frequency of the peak of this additional noise
was 630 Hz when the length was L,/d, = 2 and
450 Hz when /d, = 6. This noise is probably not
an organ pipe longitudinal oscillation because the
frequency should have decreased from 630 Hz to
about 200 Hz when the length was increased from
L /dg = 2 to 6.

Lip Noise with No Flow Separation

Early model-scule jet noise data and engine
data implied there is an additional noise source at
low velocities because the data did not follow the
v8 law, Several investigators (e.g., Refs, 1
and ?) conjectured the additional noise source may
be arsociated with a turbulent airstream passing
one side of the nozzle exit 1ip (classic lip noise).
The origin and level of the turbulence required to
generate significant classic lip noise was not
stated, Model-scale jet experiments have some ini-
tial turbulence (i.e., turbulence at nozzle exit
plane generated upstream); typically the turbu-
lence intensity is less than 1 percent. Engines
have a high level of initial turbulence (10 to
15 percent). The nozzles used in both types of ex-
periments did not generally suffer from flow sepa-
ration, It was initially thought that even the
low level of initial turbulence could generate sig-
niticont lip noise, which in turn caused the dis-
crepancy from the V° law,

In the previous sections it was shown that a
type of lip noise does exist, but it was generated
by turbulence caused by flow separation, The flow
separation is the result of bad nozzle design, not
the result of the inherent initial turbulence, The
purpose of this section is to show that the initial
turbulence levels of model jets and engines do not
generate sufficient lip noise to differentiate it
from jet noise in the far field. This result will
be demonstrated with two nozzles that have no flow
separation (Fig. 3(¢)). One nozzle, with a stand-



ard inlet shape and a short 1lip, has low intitial
turbulc ice levels (1/2 percent). The other nozzle
has a standard inlet and a long extension pipe at-
tached to the lip. The theory of Ref. 2 indicated
that classic 1ip noise would follow a V3 cos?
(64/2) law, which would be at a maximum near the
inlet (84 = 0°) and follow a V5 law there. Near
the inlet, ‘nt noise is at a minimum and it nearly
follows a V® law there. Therefore, the spectra
and level of the noise for these two nozzles will
be examined at 04 = 20° and at low velocity be-
cause classic lip nofse must be evident there 1if
it exists.

In Fig. 29 a plot is shown of the SPL spectra
near the acoustically wrapped pipe inlet (at
8¢ = 20°) of a model nozzle (0.32 cm blunt lip)
for a number of velocities at a low initial turbu-
lence level (about 1/2 percent), The same spec-
tral shape curve has been put through the data at
each velocity., No second spectral peak for lip
noise is apparent at any frequency; and the noise
nearly follows V%, not V3, The level and radia-
tion patterns of the noise (OASPL as a function
of 83), for these velocities also fit the pure
jet noise theory by Goldstein.® In addition, it
was shown in Fig. 27 that the shape of the 1ip and
inlet of ¢ convergent nozzle has no effect on the
spectra at any angle provided there is no flow
separation. This adds further evidence to the
conclusion that classic lip noise does not affect
the jet noise from a single-stream model-scale
conical nozzle, where V > 120 m/sec and the ini-
tial turbulence levels are low.

In the case of the early model-scale jet
noise lata, the additional noise noted near the
inlet at the lowest velocities was probably due to
internal noise (e.g., valve noise) radiating
through the pipe wall to the microphone nearest
the inlet pipe where the jet noise is lowest, In
a jet noise experiment the lowest velocity re~
ported is usually when the OASPL at 90" starts
to diverge from the V8 1law. At this point the
microphone nearest an unshielded inlet pipe, which
is closer to the pipe than the nozzle exit plane,
will pick up some valve noise.

The experiwent described in Fig. 27 was also
performed with an extended lip nozzle (i.e., a

long pipe added to the lip of a convergent nozzle).

In this case, the initial turbulence near the
0,32 cm thick blunt nozzle lip (i.e., pipe end)
was high (about 10 percent near the pipe wall).
In Fig. 30 it is shown that the spectra at

04 = 20° 1s fit by the same single peak spectral
curve shape at each velocity. The noise follows
the V° law, even at low velocities. The exit
velocity profile is parabolic., Therefore, the jet
noise i{s lower and the spectral shape is somewhat
different than observed for the short lip nozzle
(Fig. 29) with a uniform velocity profile, when
they are compared at the same centerline (peak)
velocity.

These results show that the classic lip noise
caused by initial turbulence levels of up to
10 percent inteasity do not generate sufficient
1lip noise to differentiate it from jet noise in
the far fileld.

Also consider again the coaxial nozzle, with
the extended core, where lip nolse is caused by
flow separation off the thin lip of the extended
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core nozzle shown in Fig. 24, When the core nozzle
was long the trailing edge noise radiation pattern
was observed, as predicted in the classic lip noise
analysis of Refs, 1 and 2. As the outer nozzle ve-
locity decreased below half the core velccity the
eddies leave the lip in a much less periodic manner,
and the lip noise due to this flow separation dis-
appears. In the limit of no outer nozzle flow this
experiment reduces to a single stream nozzle with
no flow separation and therefore there is no lip
noise.

Concluding Remarks

Wherever there is flow separation from a noz-
zle surface there is additional noise generated,
relative to the jet noise. This noise, which is
more apparent in small-scale nozzles than large,
can be avoided by careful nozzle design that avoids
any flow separation.

The nearly periodic noise caustd by flow sepa-
ration from the thin blunt lip of the core nozzle
of a coaxial nozzle was fully investigated herein
and the data explained herein. The frequency of
this noise is described at all angles by a Strouhal
number, based on lip thickness, of 0.2, The turbu-
lence and acoustic spectra were similar. This
noise can be described by the sum of two independ-
ent noise sources. One is essentially the dipole
noise from aeolian tone theory while the ocher is
similar to trailing edge noise. This flow separa-
tion causing noise disappeared when the outer noz-
zle to core velocity ratic fell below 0.5, becase
the turbulent eddies were no longer shed periodi-
cally.

A preliminary investigation of the noise gen-
erated by flow separation off other nozzle surfaces
was also performed. The characteristics of the
noise generated by these surfaces js differeat than
the high frequency ton:like noise generated by flow
separation from a thin 1ip. Flow separation from
the outer surface of an improperly designed core
nozzle or plug centerbody occurs at all flow condi-
tions. Flow separation does not occur off any
inner surface of a convergent nozzle except a thick
plate orifice. It occurs in a mixed flow coaxial
nozzle at certain flow conditions.

The suppression obtained with a suppressor
nozzl: (e.g., coaxial and multitube nozzles) can be
limited by the noise caused by flow separation,
Examples of several types of flow separation caused
noise that can occur with coaxial and multitube
nozzle suppressor configurations are listed in the
preceding two paragraphs and described in the text,

Experiments were also performed to determine
if additional noise is generated by a turbulent
flow past one side of a nozzle lip in the absence
of flow separation. The spectral acousti~ data
near the inlet of model circular nozzles having no
flow separation were studied at low velocities
(down to 120 m/sec) and at low and high initial
turbulence levels. The results showed that there
was no additional noise beyond the jet noise rear
the inlet or at any other angle.

Nomenclature
C constant , dB
¢, speed of sound in environment, m/sec
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OASPL

OASPL

diameter of nozzle, m

core nozzle diameter, m
outer nozzle diameter, m
frequency of peak noise, Hz
constant, sec/m

length of core nozzle extension beyond
outer nozzle, m

length of outer nozzle extension beyond
core nozzle, m

overall sound pressure level, dB

OASPL of flow separation noise only (i.e.,
jet noise removed), dB

sound power level, dB (ref. 10~12 w)
microphone radius, m
sound pressure level, dB

SPL of flow separaticn noise only (i.e.,
jet noise removed), dB

SPL of peak noise, dB

Strouhal number based on 1lip thickness
lip thickness, m

axial velocity perturbation, m/sec
jet velocity, m/sec

maximum velocity of outer nozzle stream
at core exit plane, m/sec

low jet velocity on side of plate where
flow restricted, m/sec

outer nozzle jet velocity, m/sec
velocity ratio ac:oss lip outer/core for
coavial nozzle, or low/high splitter

plate nozzle

splitter plate span or core nozzle cir-
cumference, m

distance downstream of splitter plate
trailing edge, m

distance away from splitter plate edge
(normal to plate plane), m

polar angle from nozzle inlet, deg
correlation length, m
ambient density, g/m’

®=1/2 for coaxial nozzle and ¢ = couzo
for splitter plate nozzle

azimuthal angle from plane perpendicular
to plate, deg
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Figure 1. - Coaxial nozzle lip noise from ref, 3. Core velocity,
245 m/sec; core diam., 5.3 cm; area ratio, 5.4; lip thick-
ness, 0.25cm.
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Figure 8. - Noise radiation pattern of flow separation lip noise,

OASP

, for several velocities. Plate thickness, 0. 32 cm;

partial span splitter plate span, 7.1 cm; nozzle diam., 7.8 cm;

free field lossless data at 3 m; azimuthal angle, ¢, 0°% ve-
locity ratio, 1.0; environmental temperature, 25 C.
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free ficld lossless data at 3 m; environmental temperature,
25C.



PEAK FREQUENCY, I‘p. Hz

FLOW STROUHAL NO.,

E
200103 S-PARAIION—I, Sy -ty WV
10
8
6._
4._
2 &
08 1 | 1 SR I o LY
6 .8 1 2 4 6 8 1oo?

VELOCITY/THICKNESS, Vi, SEC™]

Figure 10. - Variation of peak frequency with velocity
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Figure 11. - Effect of splitter plate width, w, on flow separation
noise from lip. Partial span splitter plate thickness, t,
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ang'c, 9;, 100% azimuthal angle, ¢, 0% environmental tem-
perature, 25C.
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Figure 12. - Effect of velocity ratio across
splitter plate. Plate thickness, 0.32 cm;
width, 10 cm; velocity, V, 92.5 m/sec;
microphone angle, 8;. 90b; azimuthal
angle, @, 0% free field lossless data at

4.6 m; environmental temperature 25C.
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Figure 13. - Axial turbulent velocity spectra from hot wire at several
traverse positions, y, across plate wake. Axial hot wire position,
x = 2t narrowband spectra of bandwidth, 60 Hz; velocity, 87 m/sec;
velocity ratio, VR, 1.0 plate thickness, t, 0.32 cm; plate width,
7.1cm.
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Figure 19. - Noise radiation pattern of the coaxial nozzle core lip
flow separation noise, OASPL., for several velocities. Velocity
ratio, 1; core nozzle lip thickness, 0.32 cm; core diam.
5.3cm; outer nozzle diam., 13.4 cm; free field lossless data
at 4.6 m; environmental temperature 25 C.
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Figure 20. - Narrowband spectra for the coaxial nozzle core lip 110

flow separation noise for several velocity ratios, VR. Core
velocity, V, 152 m/sec; core nozzle lip thickness, 0.32 cm;
core diameter, 5.3 cm; outer/core area ratio, 5.4; handwidth,
60 Hz; free field data at 4.6 m; polar angle, 105% environ-
mental temperature, 25C.
Figure 2. - Contour map of the OASPL. near the coaxial nozzle. Core

velocity, V, 152 m/sec; velocity ratio, VR, 1.0; core nozzle lip thick-
ness, (.32 cm; core nozz'e diameter, 5.3 cm; area ratio, 5.4.
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Figure 22. - Effect of extended outer nozzle on noise gener-
ated by flow separation at core nozzie lip. Core velocity,
V. 152 m/sec; core lip thickness, t, 0.32 cm; velocity
ratio, V../V, 1.0 polar angle, 6;, 105°; free field lossless

data at 4 6 m.
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Figure 23. - Comparison of data and theoretical prediction
for the shape of the radiation patterns at several veloc-
ities. Figure 7 (splitter data) and figure 18 (coaxial data)
were ove;:;yed so that the data points at V = 152 m/sec
and 6; = coincided.
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Figure 24. - Comparison of data and theory for the shape of the
lip noise radiation pattern of an extended core nzzle lip coaxial
nozzle. Core center line velocity, V, 244 m/sec; velocity ratio,
Vo IV, 1.0; lip thickness, t, 0.25 cm; core diameter, d 5.3cm;
outer nozzle diameter, 13.5 cm; free field lossless dala at 46m
from core exit.

614

’—O-A SHARP TAPER (SOME
FLOW SEPARATION)

S —
-

FLOW SEPARATION —~

—&—&— GRADUAL TAPERED CONE
(NO FLOW SEPARATION)

8
T

279 ~O-L

EL, PWL, dB

WATT)
8

(REF. 10°]

3

SOUND POWER

80 tid el taal

.4 1 2 4 10 20
FREQUENCY, kHz
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Figure 28. - Effect of flow separation off extended ~1ter nozzle
wall on coaxial nozzle noise. Core nozzle din. ~.6cm;
outer nozzle/core area ratio, 3.9; core veloc”, ‘/, 225 m/sec;
environmental temperature, 25 C; free field lossiess data at
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Figure 29. - Jet noise spectra at 6; = 20° for a nozzle
with low initial turbulence (112%;. Convergent noz-
zle diameter, 10 cm; free field lossless data at 4. 6 m;
inlet pipe acoustically wirapped; environmentai tem-
perature, 25 C; lip thickness, 0.32cm.
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Figure 30. - Jet noise spectra at 6, = 20° for a nozzle
with high initial turbulence (10% at wall), Nozzle
diameter, nozzle lip extension, 1.2 m; free field
lossless data at 3 m; inlet pipe acoustically wrapped;
environmental temperature, 25 C; lip thickness,
0.32cm.
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